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Flexible energy storage devices are essential for the development of flexible and wearable electronics.
Flexible supercapacitors (also known as electrochemical capacitors or ultracapacitors) have attracted
increasing attention for advanced energy storage because of their high capability, long cycle life, low
cost, and easy fabrication. Carbon nanomaterials, including 1D carbon nanotubes, 2D graphene, and 3D
mesoporous carbon, are promising as electrode materials for flexible supercapacitors due to their
extremely large surface area, excellent mechanical and electrical properties, and high electrochemical
stability. Much effort has been devoted to developing flexible, carbon-based, all-solid-state
supercapacitors with different structure/performance characteristics, including conventional planar,
ultrathin in-plane, wearable fiber-shaped, stretchable, transparent, and integrated devices with aesthetic
appeal. The aim of this article is to provide an overview of recent progress towards the development of
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1 Introduction
1.1 Background of electrochemical capacitors

The increasing depletion of fossil fuels and the environmental
problems associated with their use have inspired the develop-
ment of new types of clean and sustainable energy conversion
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this emerging field are also discussed.

systems (e.g., solar, wind, and water splitting) as new power
sources with low exhaust emissions for transportation and
stationary applications. As these new energy forms are often
limited by time (e.g., solar and wind) or region (e.g., water),
energy storage systems, such as supercapacitors (also known as
electrochemical capacitors or ultracapacitors) and batteries, are
required to ensure continued and balanced power supplies.
Although supercapacitors possess a relatively low energy density
with respect to batteries (e.g., lithium-ion batteries), super-
capacitors have received intensive attention for decades due to
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their high power density (up to 10 kW kg™ ) and fast charging
(in seconds, Fig. 1)“* attractive for various applications,
including energy sources for hybrid electrical vehicles, power
back-up in portable electronics, load-leveling and other
successive power supplies.®

According to the energy storage mechanism and the nature of
the electrode material, supercapacitors can be classified into
three types:*® (i) electrical double-layer capacitors (EDLCs), in
which the electrostatic charge accumulates at the interface
between the electrode surface and the electrolyte, (ii) pseudoca-
pacitors with fast and reversible redox reactions (Faradaic
processes) occurring on the surface of electrodes, and (iii) hybrid
capacitors in which both the EDLC and pseudocapacitor work
together in a single device. In EDLCs, the electrode surface area
plays a crucial role in the performance of a capacitor. Carbon
materials with large specific surface areas, such as activated
carbon,*” carbon nanofibers,*® mesoporous carbon,'®* carbon
nanotubes,"* graphene,”"® and carbide-derived carbon,"*®
have been widely imployed in EDLCs. In an EDLC, electrical
energy is stored through ion adsorption (a purely electrostatic
process) without Faradic charge transfer, leading to high power
densities, fast charge-discharge processes, and excellent cycling
stabilities. However, the limited surface area and pore size
distribution of conventional electrode materials often cause
relatively low energy densities (normally, <10 W h kg™ ").>*® In this
context, pseudocapacitors have been developed to increase the
energy densities. In pseudocapacitors, composite materials
composed of carbon nanomaterials together with electrically
conductive polymers (e.g., polyaniline,"** polypyrrole,>** and
poly[3,4-ethylenedioxythiophene]*®) or transition metal oxides
(e-g:, MnO,,**?** NiO,*® Ru0,,”” V,05 (ref. 28) and TiO, (ref. 25))
have been widely used for the electrodes. Due to the structural
instability intrinsically associated with conductive polymers,
pseudocapacitors usually have a short cycle life. On the other
hand, the limited electrical conductivity and intrinsic rigidity of

Capacitors

3.6ms R
4 0.36s

Specific power (W kg-1)

1
Specific energy (Wh kg~')
Fig. 1 Ragone plot for various electrical energy storage devices.?

Reprinted from ref. 2 with permission. Copyright 2008, Nature
Publishing Group.
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metal oxides often leads to low power density and poor flexibility.
To achieve high electrochemical performance and good
mechanical stability for flexible supercapacitors, therefore,
hybrid capacitors based on composites of carbon nanomaterials
and electroactive polymers have been developed.”

1.2 Performance evaluation of supercapacitors

For a typical EDLC, charge accumulated at the electrode-elec-
trolyte interface, and hence capacitance, is generally defined by
eqn (1) for a parallel-plated capacitor”*3°

eoer A
C=—— 1
D (1)

where ¢, is the permittivity of free space, ¢, is the dielectric
constant of an electrolyte, A is the specific surface area of the
electrode, and D is the distance between the two electrodes.
Therefore, the capacitance of an EDLC capacitor depends
strongly on the electrode surface area, separation distance
between the two electrodes, and properties of the electrolyte.

Generally speaking, an EDLC (Fig. 2a and b) consists of two
electrodes separated by an ion-permeable separator in an elec-
trolyte to prevent short-circuit. In the charged state, the elec-
trolyte anions and cations move towards the positive and
negative electrodes, respectively, to generate an electrical
double-layer at each of the two electrode-electrolyte interfaces
in the EDLC. As a result, a complete cell can be considered as
two capacitors connected in series as each of the electrode-
electrolyte interfaces represents a capacitor. Therefore, the cell
capacitance (C.ey) of a capacitor can be calculated according to
eqn (2):*7
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Fig. 2 (a) Equivalent circuit model for an electrochemical capacitor.
(b) Schematic representation of a two-electrode supercapacitor. (c
and d) Schematic illustrations of the typical structure of a conventional
supercapacitor (c) and its flexible counterpart (d).
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where, C, and C_ represent the capacitance of the positive and
negative electrodes, respectively.”® In the case of a symmetric
device, the capacitance of the positive electrode (C,) must equal
that of the negative one (C_), thus the capacitance of the
complete cell is half of the capacitance of each individual
electrode, that is,*”

Ce
Ccell = ? (3)

where C. =C, = C_.

In addition to capacitance, energy and power densities are
the other two important parameters for evaluating the electro-
chemical performance of a supercapacitor. The energy density
measures the capacity to perform work while the power density
is the rate of energy delivery per unit time. Cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electro-
chemical impedance spectroscopy (EIS) are the three most
frequently used techniques for characterizing the electro-
chemical performance of a supercapacitor. Supercapacitors
without Faradaic reaction between the active electrode mate-
rials and electrolytes (i.e., EDLCs) can show rectangularly-sha-
ped CV curves whereas redox peaks are observable for
pseudocapacitors. The specific capacitance of a supercapacitor
cell can also be calculated by using the voltammetric charge
integrated from a CV curve according to eqn (4),*

o 1 ("
2mV ~ 2mVy JV, Iv)dv )

Ccell =

where C (in F g7') is the specific capacitance of the cell, Q (in
coulomb, C) is the total charge obtained by integrating the
positive and negative sweeps in a CV curve, m (in grams, g) is the
mass of the active materials in both the electrodes (if the area or
volume is more important for specific applications, m can be
substituted by the electrode area or volume), v (in V s ') is the
scan rate, and V=V, — V_, is the potential window between the
positive (V) and negative (V_) electrodes. At a constant scan rate
v, the average specific power density (P, in W kg ') during
discharge can be calculated by integrating the CV curves using

eqn (5),*

I
P=— wdv 5

mV JO (5)
where V is the initial voltage during discharge and m is the total
mass of both the electrodes. The specific energy density (E, in
W h kg™ %) can be calculated according to eqn (6),*

e
B L wdv ©)

For the GCD method, the cell capacitance of a supercapacitor
can be calculated from the charge-discharge curve according to

eqn (7),"

1

Ccell = I’VldT/d[ (7)

in which I (in A) is the discharge current, m (in g) is the total
mass of the active materials in the two electrodes, dV/dt is the

This journal is © The Royal Society of Chemistry 2014
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slope of the discharge curve. The initial portion of a discharge
curve often has a very short IR drop due to the internal resis-
tance. The rest of the discharge curve is typically linear for non-
Faradic materials, while large deviations in linearity could occur
for pseudocapacitors and hybrid systems. In order to avoid
overestimation of the specific capacitance, dV/d¢ may be

calculated from eqn (8),*
I/mzlx
> )/(TZ_TI) (8)

where V. is the potential after the IR drop, 7, and T; are the
corresponding discharge times of Vi,x and Viax/2.

It is important to note that the specific capacitance for
electrode materials is usually derived from three-electrode
measurements involving the reference and counter elec-
trodes.*** This value is much higher than the actual cell
capacitance from a two-electrode measurement. Typically, the
specific capacitance for one single electrode Cone (F g ) is
calculated according to eqn (9),**

dv/de= (Vmax -

Cone = 4Ccell (9)

where C. is the specific cell capacitance for the two-electrode
supercapacitor calculated from the CV curve or charge-
discharge curve.

From the total specific cell capacitance of a two-electrode
system (Ceenr), the maximum energy (Epax, in W h kg™') and
maximum power (Ppax, in W kg™") of a supercapacitor cell can
be calculated according to eqn (10) and (11), respectively,***

1

Emax = 5 Cce]l V2 (10)
VZ
Py = iR (11)

where, Vis the cell voltage, and Rq is the total equivalent series
resistance (ESR) of the supercapacitor. Therefore, a high-
performance supercapacitor must have a large capacitance,
high cell operating voltage, and minimum equivalent series
resistance.

1.3 Carbon nanomaterials for flexible supercapacitors

Flexible energy storage devices (e.g., supercapacitors, Fig. 2d)
have recently attracted a great deal of interest for their potential
applications in various flexible electronic systems, including
roll-up and bendable displays, portable electronic papers, and
wearable personal multi-media.**?** Consequently, some flex-
ible all-solid-state supercapacitors have been developed by
sandwiching gel electrolyte (e.g., polyvinyl alcohol, PVA, and
H;PO, or H,SO, gels) between positive/negative electrodes
supported with flexible plastic substrates (e.g., polydimethylsi-
loxane, PDMS).***® Unlike conventional supercapacitors with
liquid electrolytes, the solid-state gel electrolytes used in flexible
supercapacitors act as both the electrolyte and separator to
avoid short circuit and chemical leakage.

Owing to their large surface area, excellent electrical,
mechanical, and electrochemical properties, carbon

J. Mater. Chem. A
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nanomaterials (especially, carbon nanotubes, CNTs, and gra-
phene sheets) have been widely used as active materials/elec-
trodes in (flexible) supercapacitors.*****7*° These earlier studies
have demonstrated that carbon nanomaterials are promising
for the development of supercapacitors in general and flexible
supercapacitors in particular. Several recent reviews for super-
capacitors based on carbon nanomaterials have appeared,®****°
and interested readers can obtain more detailed information
from appropriate references cited for various specific carbon
electrodes, including carbon nanomaterials,>'*'>'***! porous
carbon,* conductive polymers,**** and 3D nanostructured
carbon.*® However, the progresses on carbon-based flexible
supercapacitors has been much less discussed in the litera-
ture.** The aim of this article is to provide a comprehensive
review of various newly-developed flexible all-solid-state super-
capacitors based on carbon nanomaterials (Fig. 3), including in-
plane,” fiber-shaped,*® stretchable,” transparent and inte-
grated supercapacitors.”®* In what follows, we first describe
nanocarbon-based flexible (micro-) supercapacitors with planar
structures. Then, we illustrate wearable fiber-shaped super-
capacitors based on carbon nanomaterials, followed by carbon-
based stretchable and transparent supercapacitors. Finally,
flexible supercapacitors integrated with other energy devices
will be discussed, along with challenges and perspectives in this
emerging field.

2 Nanocarbon-based flexible
supercapacitors with planar structures

The 1D CNTs and 2D graphene represent two of the most
extensively exploited carbon allotropes for electrochemical
energy storage.**** High-performance flexible supercapacitors
with planar structures based on CNT, graphene, and their
hybrid electrodes have been developed, and are the subject of
this section.

2.1 CNT-based flexible supercapacitors

CNTs have been widely used as electrode materials in flexible
supercapacitors with both liquid electrolyte and gel electro-
lyte.’*** For this purpose, CNTs can be brush-/spray-coated
directly onto either flexible nonconductive substrates (e.g.,
plastic film, cellulose paper, and office paper) as both the
current electrode and current collector,”” % or flexible conduc-
tive substrates (e.g., metal coated plastic films) as electrode
materials.®~** In this regard, Kaempgen and co-workers®”
reported printable thin film supercapacitors using spray-coated
single-walled CNTs on polyethylene-therephthalate (PET) films
(Fig. 4a) as both electrodes and charge collectors. In order to
make the device fully printable, gel electrolyte (PVA/H;PO,) was
used to combine the separator and electrolyte into a single
layer. The CNT electrodes and the gel electrolyte were sand-
wiched together, leading to the thin film supercapacitors
(Fig. 4b). Fig. 4c and d show the CV and GCD curves of the-solid-
state supercapacitors thus prepared, from which a specific
capacitance of ~36 F g~ ' was obtained. Apart from the plastic
films, other low-cost light-weight substrates (e.g., office paper,
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bacterial nanocellulose) onto which CNTs have been deposited
have also been used as electrodes in flexible supercapacitors.*>*
For instance, Kang et al. deposited CNTs onto a bacterial
nanocellulose substrate through a vacuum filtering process,
and the resultant papers showed a high flexibility, large specific
surface area, and good chemical stability.*®® The assembled all-
solid-state flexible supercapacitors exhibited a high specific
capacitance of 46.9 F g~ " at a scan rate of 0.1 V s~ ', and an
excellent stability with a less than 0.5% loss of capacitance
after 5000 charge-discharge cycles at a high current density of
10Ag

In order to further improve the performance of the pristine
CNT-based flexible EDLCs, CNT composites with transition
metal oxides and/or conductive polymers have been used to
introduce pseudocapacitance into the flexible super-
capacitors.”=*® In particular, Meng et al,” have reported a
flexible all-solid-state supercapacitor using paper-like PANI-
coated CNT networks (Fig. 4e) as the electrodes. A high specific
capacitance of 350 F g~ was obtained for the electrode mate-
rials (Fig. 4f and g) and 31.4 F g ! for the entire device, which
showed a good stability with only 8.1% decay in specific
capacitance over 1000 charge-discharge cycles.

The free-standing randomly distributed CNT-based elec-
trodes had high resistances and a complicated pore structure
(micro-pores), which caused slow ion transport. Unlike random
CNT networks, vertically-aligned CNTs (VA-CNTs) can create an
aligned porous structure with well-defined inter-tube spacing to
provide a larger electrolyte-accessible surface for efficient
charge storage/delivery.®*”* Theoretical simulation and experi-
mental results have proved that supercapacitors based on the
VA-CNTs exhibited a higher rate capability (the capability of
discharging 50% of its stored energy in less than 0.76 ms) than
that of supercapacitors based on random CNT networks.”
Moreover, the top end-caps of VA-CNTs can be properly opened
through appropriate methods (e.g., by plasma etching’’?),
allowing the electrolyte access to the otherwise inaccessible
inner cavity of the VA-CNTs for additional charge storage. As
expected, recent research has indicated that ther improved rate
capability of VA-CNTs over random CNTs can be achieved for a
three-electrode system using a liquid electrolyte.®®”>7*7¢
Specifically, a high capacitance of 365 F g~ has been obtained
in 1 M H,SO, for a VA-CNT array electrode prepared by
template-assisted CVD”® and 440 F g~ for a VA-CNT electrode in
ionic liquid electrolytes®* prepared by a template-free CVD
approach.””® However, VA-CNTSs, either with their tip opened or
closed, have hardly been exploited for applications in two-
electrode all-solid-state supercapacitors, which would surely
further enhance the performance of the flexible device.

2.2 Graphene-based flexible supercapacitors

As a building block for all other graphitic carbon forms,
including CNTs, graphene has been used for various potential
applications where CNTs have been exploited. Having many
similarities to CNTs, including a large specific surface area,
good electronic and mechanical properties, and chemical
stability,*””””® graphene has also been investigated for use as

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 An overview of various flexible all-solid-state supercapacitors based on carbon nanomaterials of different structures and forms: (a—c)
graphene-based supercapacitor with a planar structure.*® Reproduced from ref. 49 with permission. Copyright 2012, AAAS. (d) Graphene-based
ultrathin supercapacitor.*® Reproduced from ref. 50 with permission. Copyright 2011. American Chemical Society. (e and f) 3D CNT/graphene
architectures for supercapacitors.®* Reproduced from ref. 51 with permission. Copyright 2011. American Chemical Society. (g) Wearable fiber-
shaped supercapacitor.5? Reprinted from ref. 52 with permission. Copyright 2013, Nature Publishing Group. (h) Stretchable fiber-shaped
supercapacitor.>®* Reproduced from ref. 53 with permission. Copyright 2013, John Wiley and Sons. (i) Integrated energy conversion and storage
device in a wire.>* Reproduced from ref. 54 with permission. Copyright 2012, John Wiley and Sons. (j) Graphene-based transparent and
stretchable supercapacitor.>® Reproduced from ref. 55 with permission. Copyright 2014. American Chemical Society. (k) 3D graphene composite
for compressible supercapacitor.®® Reproduced from ref. 56 with permission. Copyright 2013, John Wiley and Sons. (1) Microsupercapacitor with
in-plane structure.*® Reproduced from ref. 45 with permission. Copyright 2013, Nature Publishing Group.

electrodes in supercapacitors.'>'®**%** Various approaches,
including chemical reduction from graphene oxide (GO),***
chemical vapor deposition,* and a ball milling approach,®* have
been developed to produce graphene. The resultant graphene
materials have been widely used as electrodes in super-
capacitors based on liquid electrolytes.”>*"* Of particular
interest, a capacitance of 200 F g~ for a single electrode has
been achieved from two-electrode supercapacitors using gra-
phene electrode materials with a high surface area (3100 m>
g~ ') produced by chemical activation.®

Along with the development of graphene-based super-
capacitors involving liquid electrolytes, flexible all-solid-state
supercapacitors based on graphene electrodes have also been
reported to show many interesting results.***>#¢%” For instance,
El-Kady et al.,* used a standard LightScribe DVD optical drive
for laser-induced reduction of graphite oxide films to produce
graphene electrodes for supercapacitors without the need for a

This journal is © The Royal Society of Chemistry 2014

binder or current collector (Fig. 5a-f). Flexible all-solid-state
supercapacitors thus prepared showed a high power density
(20 W em ™, 20 times higher than that of the activated carbon
counterpart), energy density (1.36 mW h cm >, 2 times higher
than that of the activated carbon counterpart), and excellent
stability even under bending from 0 to 180° (Fig. 5g-i).

The reported specific capacitances for most solid-state
supercapacitors based on free-standing graphene materials are
in the range from 80 to 118 F g~ ', which is much lower than the
corresponding theoretical value (550 F g '),*® due to the
restacking of graphene sheets to reduce the active surface area
of the graphene materials and slowing down of the ion trans-
port/diffusion within the active materials. To overcome this
limitation, porous 3D graphene networks, such as graphene
hydrogels and aerogels, have been devised as efficient elec-
trodes in electrochemical energy storage devices.**®® Such
porous 3D graphene materials have been prepared by freeze

J. Mater. Chem. A
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(a) SEM image of the as-deposited SWCNT networks. (b) Thin film supercapacitor using sprayed SWCNT films on PET as the electrodes

and a PVA/HzPO4 based polymer electrolyte as both the electrolyte and separator. (c and d) CV (c) and GCD (d) curves of the thin film
supercapacitor.®” Reproduced from ref. 57 with permission. Copyright 2009. American Chemical Society. (e) Schematic illustration of the PANI/
CNT nanocomposite electrode well solidified in the polymer gel electrolyte. (f and g) Comparison of cyclic voltammetry at 5 mV s~ (f) and
discharge abilities (g) of the flexible PANI/CNT nanocomposite thin film electrodes in the H,SO4—PVA gel electrolyte and in the 0.5 M H,SO4
aqueous solution. The inset in (g) shows one cycle of the galvanostatic charge—discharge curves at 1 A gt in the H,SO4—PVA gel electrolyte and

in the 0.5 M H,SO,4 aqueous solution.®” Reproduced from ref. 67 with

drying a chemically-reduced GO dispersion®® or direct chemical
vapor deposition on nickel foam.***” In both cases, the
restacking of graphene sheets has been efficiently prevented
and the diffusion of electrolytes through the graphene network
was greatly facilitated. As a result, supercapacitors (three-elec-
trode) based on 3D graphene hydrogels showed an improved
electrochemical performance with specific capacitances of up to
220 F g~ for a single electrode at 1 A g~" in 5 M KOH aqueous
solution.”” Flexible all-solid-state supercapacitors using 3D
graphene hydrogel films as the electrodes (Fig. 6a-c) with a high
gravimetric specific capacitance (186 F g ' at 1 A g™, area-
specific capacitance of 372 mF ¢cm™?), excellent rate capability
(70% retention at 20 A g '), good cycling stability (8.4%
capacitance decay after 10 000 charge-discharge cycles), and
good flexibility (CV curves almost unchanged with different
bending angles, Fig. 6d) have also been reported recently.”®
Besides, 3D graphene foams have been used to develop highly
deformation-tolerant supercapacitors. In this context, Zhao
et al.,>® prepared 3D graphene foam and graphene/polypyrrole
composite foam (Fig. 6e-h), through the hydrothermal reduc-
tion of aqueous GO dispersions, which can sustain large-strain
deformation (e.g., 50% strain) under manual compression and
return to the original shape without structural fatigue within 10
s after the stress was released. The CV curves (Fig. 6i) for
supercapacitors based on these 3D graphene foams showed no
obvious change even after 1000 compression-decompression
cycles with a 50% compressed strain.

Recent effort has led to edge-functionalized graphene sheets
(EFGs) with various edge groups (e.g., -H, -N, -Br, -Cl, -I,
—-COOH, -SO;H) through exfoliation of graphite powders by ball

J. Mater. Chem. A

permission. Copyright 2010. American Chemical Society.

milling.****7*> The unique structure of EFGs with the abundant
active sites at the edge and perfect conjugation (conductivity) on
the basal plane should lead to high-performance super-
capacitors with a high rate capability. The availability of solu-
tion-processable EFGs has not only facilitated functionalization
of graphene materials but has also allowed the formation of
large-area hierarchically-structured graphene films through
various solution processing/self-assembling methods which
will be useful as electrodes in various energy-related and other
devices, such as fuel cells and flexible supercapacitors.”#*%9-1%

2.3 Free-standing CNT/grapheme hybrid films for flexible
supercapacitors

Although the use of 3D graphene foams as electrodes in
supercapacitors has been demonstrated to enhance electro-
chemical performance, there is still a lack of film architecture/
property control. One of the attractive options is to use 1D CNTs
to physically separate 2D graphene sheets to preserve gra-
phene's high surface area and to provide CNT conducting
networks with well-controlled architectures for efficient charge/
electrolyte  transport.’®'°®  Free-standing CNT/graphene
composite films for use as electrodes in supercapacitors have
been developed by various methods, including layer-by-layer
(LBL) self-assembling, vacuum filtration and solution
casting.'®® By LBL self-assembling poly(ethyleneimine)-
modified graphene sheets with acid-oxidized CNTs, for
example, Yu and Dai'® have prepared CNT/graphene hybrid
films of interpenetrating network carbon structures with well-
defined nanopores which are promising for use in super-
capacitor electrodes. The resulting free-standing multilayered

This journal is © The Royal Society of Chemistry 2014
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Reproduced from ref. 49 with permission. Copyright 2012, AAAS.

CNT/graphene hybrid film exhibited a nearly rectangular CV
even at an exceedingly high scan rate of 1 V s~ ' with an average
specific capacitance of 120 F g ' (three-electrode).

To further improve the electrochemical performance of
flexible supercapacitors based on CNT/graphene hybrid elec-
trodes, transition metal oxides have also been introduced into
CNT, graphene and their hybrid materials.**'*” In particular,
Cheng et al.,'** have prepared free-standing CNT/MnO,/gra-
phene composite films with a high MnO, loading (71 wt%) and
excellent mechanical properties (tensile strength of 48 MPa)
through a vacuum filtering method, and demonstrated their use
as flexible electrodes in supercapacitors based on liquid elec-
trolytes (e.g., aqueous solution of 1 M Na,SO,). Due to the
presence of conducting CNT networks in the composite films, a
specific capacitance as high as 372 F g~ * (three-electrode) with a
good rate capability was obtained.

In a somewhat related but independent work, Gao et al.,'"”
have developed an asymmetric all-solid-state supercapacitor
using a free-standing CNT/graphene paper as the negative
electrode and a graphene/Mn;0, paper as the positive electrode
(Fig. 7a). Both the composite papers were fabricated by filtrating
their corresponding mixed solutions. A photograph of the as-
prepared CNT/graphene composite paper with a diameter of

This journal is © The Royal Society of Chemistry 2014

4 c¢m is shown in Fig. 7b while its cross-section SEM image is
given in Fig. 7c, which shows the CNTs interposed between the
graphene layers. It was found that the specific capacitance of
the CNT/graphene paper electrodes increased from 99.7 to
212.9 and 302 F g~ ! (three-electrode) as the mass ratio of the
CNTs increased from 0 to 20% and 40% (Fig. 7d). The total
specific capacitance of the asymmetric all-solid-state super-
capacitor reached up to 72.6 F g~ ' (two-electrode) at a current
density of 0.5 A g~ with a high energy density (32.7 W h kg ™)
and good cycling stability (retained 86.0% of its initial capaci-
tance after 10 000 cycles).

2.4 3D pillared CNT/graphene architectures for flexible
supercapacitors

As can be seen from the above discussions, some successes in
fabricating randomly oriented CNT/graphene hybrid electrodes
for supercapacitors have been recently achieved. However, it is
difficult, if not impossible, to control the porosity and hole
distribution within the randomly oriented CNT/graphene
hybrid materials as each of the constituent CNTs and graphene
sheets are randomly assembled together.>***'*® Recent theo-
retical studies'® ™ have indicated that 3D pillared architec-
tures (Fig. 8a),”* consisting of parallel graphene layers

J. Mater. Chem. A
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supported by VA-CNTs in between, possess a good structural
tunability as well as desirable transport and mechanical prop-
erties for efficient energy storage.® In the 3D pillared structure,
VA-CNTs can not only act as mechanical supports for the gra-
phene layers but also provide good conductive paths for effi-
cient electron and ion transport, and hence high capacitance
and excellent rate capability. Following theoretical prediction
that the 3D pillared CNT/graphene hybrid architecture can be
designed with tunable pore sizes and surface areas,'®*™'° 3D
pillared VA-CNT/graphene architectures with alternating
VA-CNTs of different nanotube lengths/packing densities and
graphene layers (Fig. 8b) have been prepared by intercalated
CVD growth of VA-CNTs into thermally-expanded highly
ordered pyrolytic graphite (HOPG).** The use of the resultant
3D pillared VA-CNT/graphene hybrids as electrodes in a three-
electrode system led to a specific capacitance of about 110 F
g ' After coating with nickel hydroxide, a high specific
capacitance of 1065 F g~ ' (Fig. 8c) with a remarkable rate
capability and excellent long-term electrochemical stability
(only 4% capacity loss after 20 000 charge-discharge cycles) was
achieved. This value is about ten times that of the high-surface-
area activated carbons (<100 F g~ ')** and at the same level of
953-1335 F g~ ' for graphene-supported single-crystalline nickel
hydroxide hexagonal nanoplates."**

J. Mater. Chem. A

More recently, Lin et al.,"** have reported 3D CNT/graphene-
based microsupercapacitors (Fig. 8d-h) fabricated in situ on
nickel electrodes. A high volumetric energy density of 2.42
mW h cm® (Fig. 8i) in the ionic liquid was reported, which is
higher than that of LSG-DLC,* and two orders of magnitude
higher than that of aluminum electrolytic capacitors."*® In
addition, the ultrahigh rate capability of 400 V s~' enabled the
microdevices to possess a maximum power density of 115 W
em? in aqueous electrolyte and 135 W cm > in BMIM-BF4
(Fig. 8j). These results clearly indicate that the 3D pillared CNT/
graphene hybrid architectures have ensured high performance
for supercapacitors based on liquid electrolytes, in good
agreement with theoretical simulations. Therefore, they should
also be attractive candidates for use as electrode materials for
high-performance flexible all-solid-state supercapacitors,
though this is yet to be experimentally realized.

3 Flexible micro-supercapacitors
with ultrathin in-plane structures

As can be seen from the above discussions, electrodes based on
graphitic carbon nanomaterials were constructed in a typically
stacked geometry in supercapacitors with planar structures
(Fig. 2). This arrangement often causes insufficient utilization
of the carbon-based electrode surface area, and limits

This journal is © The Royal Society of Chemistry 2014
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electrolyte diffusion into the electrode and the extent of the
electrochemical double layers formed at the interface. Thus,
supercapacitors with planar structures often show relatively low
charge-discharge rates, along with relatively low energy and
power densities. Therefore, ultrathin in-plane micro-super-
capacitors have been developed to offer ultrahigh power
densities that are several orders of magnitude higher than those
of conventional supercapacitors and batteries due to their short
ion diffusion length.'"'*"® Various electrode materials,
including CNTs,”* activated carbon,"® carbide-derived
carbons,' polymers,'® and metal oxides,'** have been investi-
gated for the newly-developed micro-supercapacitors. Due to
their excellent in-plane electrical conductivity, large surface
area, and easy fabrication (by CVD or reduced from GO), gra-
phene has been widely exploited as an electrode material in
micro-supercapacitors.****1'#121 For example, Yoo et al.,*® have
developed an in-plane ultrathin supercapacitor (Fig. 9a and b)
with electrodes based on pristine graphene and reduced GO
multilayers. The open architecture and the effect of graphene
edges enabled even the thinnest of devices (made from the as-
grown 1-2 graphene layers) to reach specific capacities of up to
80 F cm 2 (Fig. 9c and d), while a much higher (394 pF cm™?)
specific capacitance was obtained for the multilayer reduced GO
electrodes (with 10 nm thick).

This journal is © The Royal Society of Chemistry 2014

Recently, Wu et al.,” have developed novel all-solid-state gra-
phene-based in-plane interdigital micro-supercapacitors on both
rigid and flexible substrates through micropatterning of gra-
phene films with a nanoscale thickness of 6-100 nm (Fig. 10a-g).
The resulting micro-supercapacitors (Fig. 10h and i) delivered an
area capacitance of 80.7 uF cm™? (322.8 uF cm 2 in electrode)
and a stack capacitance of 17.9 F cm ™ (71.6 F cm ™2 in electrode)
(Fig. 10j and k). These authors showed a power density of 495 W
em ™ (higher than that of electrolytic capacitors), an energy
density of 2.5 mW h cm ™ (comparable to that of lithium thin-
film batteries), and a superior cycling stability. Such microdevices
allowed for operations at ultrahigh rates of up to 1000 V s *
(Fig. 10j), three orders of magnitude higher than that of
conventional supercapacitors. More importantly, in-plane micro-
supercapacitors showed great potential to be integrated into
compact on-chip energy storage systems. For instance, El-Kady
and Kaner have developed a scalable fabrication process
for constructing graphene-based micro-supercapacitors over
large areas by direct laser writing on graphite oxide films using a
standard LightScribe DVD burner. More than 100 micro-super-
capacitors can be produced on a single disc within 30 min or
less. These devices can be built on flexible substrates for
flexible electronics and on-chip uses, which can be easily inte-
grated with MEMS or CMOS in a single chip. Miniaturized
devices at the microscale could enhance the charge-storage

J. Mater. Chem. A
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architecture. (c) Galvanostatic charge and discharge curves for the Ni(OH),-coated VA-CNT/graphene electrode at a current density of 21.5 A
g5t Reproduced from ref. 51 with permission. Copyright 2011. American Chemical Society. (d) Schematic of the structure of G/CNTCs—MCs.
Inset: enlarged scheme of Ni-G—CNTCs pillar structure that does not show the Al,Oz atop the CNTCs. (e) SEM image of a fabricated G/CNTCs—
MC. (f-h) cross-sectioned SEM images of CNTCs grown for 1, 2.5, and 5 min. (i) Comparison of volume specific capacitance (Cy) versus discharge
volumetric current densities; (j) comparison, in the Ragone plots, of specific volumetric power density (Py) and energy density (Ey)."** Reproduced

from ref. 115 with permission. Copyright 2013. American Chemical Society.

capacity and rate capability, leading to a power density of 200 W
cm®, the highest value achieved for any supercapacitor to

date.'?*

4 Wearable fiber-like supercapacitors
based on carbon nanomaterials

As we can see from the above discussions, various super-
capacitors with planar structures, including those based on
cotton or other textile electrodes decorated with CNTs or gra-
phene, have been developed.®>*®"*** However, the rapid
development of wearable electronics'*® requires fiber-shaped
flexible and wearable supercapacitors. Therefore, wearable
fiber-shaped supercapacitors have attracted increasing atten-
tion,*>'*¢*%? and various fiber materials, such as Kevlar fiber*®,
metal fiber'*®, carbon fiber'””, CNT fibers,”® and graphene
fiber'*®, have been exploited as the substrates. Of particular
interests, CNT fibers have been extensively studied due to their
excellent electrical conductivity, good mechanical properties,

J. Mater. Chem. A

and outstanding flexibility.>>'?*'3%13! Ren et al.,"*® were the first
to introduce the CNTs into the fiber-shaped supercapacitors
with a twisted structure and relatively low specific capacitance
(0.006 mF cm™"). The specific capacitance for one single
electrode was then improved to as high as 294 F g~ or 282 mF
cm ! by a pseudocapacitive effect generated from conductive
PANI hybridized with the CNT fiber.**

Recently, Lee et al.,”” used a gradient biscrolling technology
to provide a fast-ion-transport yarn (Fig. 11a), in which
hundreds of multiwalled CNT (MWCNT) layers infiltrated with
conductive polymer (e.g., poly(3,4-ethylenedioxythiophene))
were scrolled into a yarn of about 20 um thickness. A metal wire
was used as the current collector to increase power generation
by plying with the biscrolled yarn (Fig. 11b). The discharge
current of the plied yarn supercapacitor increased linearly with
the voltage scan rate up to 80 Vs ' and 20 Vs~ for liquid and
solid electrolytes, respectively. The resultant fiber-shaped
supercapacitors exhibited a high stability; the capacitance
changed a little when the capacitor was bent (~2% for 2000

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 (a) SEMimages of a biscrolled yarn with ~37° bias angle. Scale bar, 10 um. (b) Two SEM images of a PEDOT/MWCNT biscrolled yarn that is
plied with a 25 um Pt wire. Scale bar, 40 um. (c) Volumetric capacitance vs. scan rate. (d) Bending on a flexible polyethylene terephthalate film (k is
curvature in mm™2). (e) Weaving into a glove (the yarn supercapacitor was 5 cm long).52 Reprinted from ref. 52 with permission. Copyright 2013,

Nature Publishing Group.

cycles, Fig. 11d) or woven into a glove (~1% for 10 000 cycles,
Fig. 11e).

5 Stretchable supercapacitors based
on carbon nanomaterials

Stretchable electronics with highly stable performance under
strain have recently attracted a great deal of interest. Stretchable
electronics,™ including transistors,"® polymer light-emitting
diodes,™* polymer solar cells,"”® and active matrix displays,"**
have been developed to maintain their electronic performance
even under large levels of mechanical deformation (up to 40%
strain). Highly stretchable electronics have opened up exciting
opportunities for the development of large-area, light-weight,
and wearable electronics. Like other stretchable optoelectronic
units (e.g., organic solar cells, light-emitting diodes, and field
effect transistors), stretchable supercapacitors are critical
components in power-integrated flexible optoelectronic
systems.*”**”13*  Buckled single-walled carbon nanotube
(SWCNT) macrofilm electrodes, generated by coating a thin
SWCNT film onto a pre-strained elastomeric substrate (PDMS)
and followed by stress releasing, were among the first stretch-
able electrodes used for supercapacitors. The electrochemical
performance of supercapacitors based on these buckled
SWCNTs remained almost unchanged under stretching with
30% strain.”” Recently, Niu et al.,”*® have developed highly
stretchable buckled SWCNT films (Fig. 12a-c) by directly
growing SWCNT films with reticulate architecture on a PDMS
substrate with enhanced pre-strain, the electrical resistance of

J. Mater. Chem. A

the resultant electrode had no significant change even under a
high strain of 140%. All-solid-state stretchable supercapacitors
were developed by using H,SO,-PVA gel as both the electrolyte
and the separator, which can also efficiently overcome separa-
tion of the two electrodes under strain (Fig. 12d-g). The
resulting supercapacitors exhibited high stretchability with no
obvious difference at low potentials and only very small devia-
tion at higher potentials in their CV curves (Fig. 12h) upon
stretching up to 120% strain. The charge-discharge perfor-
mance was also very stable even under 120% strain (Fig. 12i),
from which specific capacitances of 48 and 53 F g~ ' were
obtained for the supercapacitor without and with applied 120%
strain. In order to take combined advantage of the high
conductivity and flexibility of CNTs and high pseudo-capaci-
tance of conductive polymers, CNT and conductive polymer
(e.g., polypyrrole) composites have also been exploited in
stretchable supercapacitors with the capacitance reduced by
5.6% at 30% strain.'*®

Unlike stretchable supercapacitors with planar structures, it
is a big challenge to construct fiber-shaped stretchable devices
because most fiber substrates are neither stretchable nor
conductive and some of them are either stretchable but of low
conductivity (e.g., elastic polymer fibers) or conductive but of
low stretchability (e.g., metal wires). A great breakthrough has
been made recently by Peng's group.®® These authors have
developed stretchable coaxial fiber-shaped supercapacitors by
using an elastic fiber wrapped with aligned CNT sheets with a
polymer gel sandwiched between the two coaxial CNT layers as
the electrolyte and separator. The resultant fiber-shaped

This journal is © The Royal Society of Chemistry 2014
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Fig. 12 (a—c) SEM images of buckled SWCNT film without strain at low (a), high (b) magnifications and with 100% strain (c). (d) Schematic of
preparation of integrated stretchable supercapacitors based on buckled SWCNT films on PDMS. (e) The optical image of an integrated
stretchable supercapacitor based on buckled SWCNT films on PDMS. (f and g) Optical images of a stretchable supercapacitor without strain (f)
and with about 120% strain (g). (h) CV curves of a representative stretchable supercapacitor with and without 120% strain at a scan rate of 200 mV
s~ (i) The galvanostatic charge—discharge curves of the stretchable supercapacitor with and without 120% strain at a constant current of 10 A
g~1138 Reproduced from ref. 138 with permission. Copyright 2013, John Wiley and Sons.

supercapacitor exhibited a high stretchability and stability; its
CV curve (Fig. 13b) remained unchanged even under 75% strain
while its specific capacitance was maintained by more than 95%
over 100 stretching cycles with a strain of up to 75% without any
obvious structural damage (Fig. 13c).

6 Transparent and stretchable
supercapacitor based on carbon
nanomaterials

Apart from flexible/stretchable supercapacitors, transparent
energy conversion (e.g., solar cells,****> OLEDs™*?) and storage
(e.g., batteries,"** supercapacitors***™*’) devices are a recent
development, which show great promise as power sources for
automobile/building windows or personal electronics with high
aesthetic appeal. Some transparent supercapacitors based on
carbon film (e.g., CNTs, graphene) have recently been repor-
ted."*'* However, it remains a big challenge to develop
supercapacitors with both good optical transmittance and
mechanical stretchability because most of the existing elec-
trodes are either transparent but rigid (e.g., ITO, other metal

This journal is © The Royal Society of Chemistry 2014

oxides), or stretchable but opaque (e.g., conducting polymer
films), or neither transparent nor stretchable (e.g., metal elec-
trodes). By directly drawing CNT thin films from VA-CNT arrays
onto transparent and stretchable substrates (e.g., PDMS), Chen
et al., developed the first CNT-based electrodes with a high
transmittance (as high as 78% at the wavelength of 550 nm) and
stretchability, which, after coating with a layer of PVA-H;PO,
electrolyte, showed only 80% increase in electrical resistance
under 30% strain.*® Subsequently, these authors developed
transparent and stretchable all-solid-state supercapacitors
(Fig. 14a and b) by directly pressing two of the PDMS-supported
CNT electrodes with the PVA-H;PO, gel electrolyte, which also
acted as the separator, sandwiched in between.*® The device
based on the electrodes with one single layer CNT sheet in a
cross assembled configuration (Fig. 14b) showed a trans-
mittance of 75% (Fig. 14c), comparable to that of a pure single
layer CNT sheet supported by PDMS. Nevertheless, the corre-
sponding device with a parallel assembled configuration
(Fig. 14a) had a transmittance of 64%, presumably due to the
extensive overlap of CNTs between the two parallel electrodes.
The cross assembled device exhibited a good stretchability in
biaxial directions, and its specific capacitance was almost
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Fig. 13 (a) lllustration of the fabrication of a highly stretchable, fiber-shaped supercapacitor with a coaxial structure. (b) CV curves of the fiber-
shaped supercapacitor with increasing strains from 0 to 100%. (c) Dependence of specific capacitance on stretched cycle number with a strain of
75%.5% Reproduced from ref. 53 with permission. Copyright 2013, John Wiley and Sons.

unchanged even up to 30% strain (Fig. 14d). The cross assem-
bled supercapacitor was also shown to have better stability than
that of its parallel counterpart (Fig. 14e). For comparison, the
parallell assembled supercapacitor showed an over 70%
increase in capacitance during the initial twenty stretching
cycles before reaching to a stable capacitance. This capacitance
increase with the stretching cycles could be attributed to the
combined effects associated with the stretching-induced

increase in the active sites of the CNT sheet and loss of the
nanotube-nanotube contacts.*® Both types of supercapacitors
were shown to have good stability even after hundreds of
stretching cycles, exhibiting great potential for practical
applications.

Along with the development of transparent CNT electrodes,
graphene has also been used for the same application due to its
excellent optical and electrical properties.****** Although some
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Fig. 14 (a and b) Photographs of supercapacitors assembled in the parallel and cross configurations. (c) Transmittance spectra of a single layer
CNT sheet on the PDMS substrate and the associated supercapacitors with parallel and cross configurations. (d) Normalized specific capacitance
of the supercapacitor with cross assembly as a function of the tensile strain as it was biaxially stretched. (e) Normalized specific capacitance of the
two type supercapacitors as a function of stretching cycles.®® Reprinted from ref. 35 with permission. Copyright 2014, Nature Publishing Group.
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graphene-based stretchable electrodes and electronic devices
have been reported,*”*** their performance is still largely
limited by the easy damage of the graphene sheet upon
stretching. For instance, the electrical resistance of a graphene
sheet transferred onto a pre-strained elastic substrate increased
by more than one order upon 25% strain.**® Besides, it is diffi-
cult to transfer as-grown graphene with an area of up to 2 x 2
cm” to a pre-strained substrate because cracking or breaking of
the graphene sheet often occurs during the transferring
process. As such, very limited effort has been made to develop
transparent and stretchable graphene electrodes, as it is very
difficult, if not impossible. Owing to its high conductivity and
excellent transparency (transmittance up to 95% for 2 nm thick
film*'), however, the one-atom-thick and/or few-layered gra-
phene sheets provide ideal electrode materials for high-perfor-
mance stretchable and transparent optoelectronics. In order to
realize this possibility, Chen et al,”® have designed and
synthesized the first wrinkled few-layered graphene sheet
(Fig. 15a), from which transparent and stretchable all-solid-
state supercapacitors (Fig. 15b and c¢) have been developed. Due
to its unique structure, the PVA/H;PO,-coated wrinkled multi-
layered graphene sheet on a PDMS substrate was shown to be
highly stretchable and the electrical resistance increased by
only 170% under 40% strain (Fig. 15d),”® which is better than
any stretchable planar graphene electrode previously repor-
ted.™® The resulting wrinkled graphene not only had good
stretchability, but also showed a high transmittance of ~60% at
550 nm. The transmittance for supercapacitors based on the
wrinkled graphene electrodes also reached up to 57% (Fig. 15€)
with no obvious changes in the electrochemical performance
upon stretching up to 40% strain (Fig. 15f), and no serious
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structural damage after 100 stretching cycles with strain from
0% to 40% (Fig. 152).

The above results show the good optical transparency and
mechanical stretchability of supercapacitors based on wrinkled
graphene electrodes which will be useful for various applica-
tions, ranging from portable energy sources for flexible elec-
tronics to energy storage components in various stretchable
integrated systems. It is worth noting that the performance of
these newly-developed transparent and stretchable super-
capacitors based on wrinkled graphene electrodes is still
limited by the low specific surface area of the horizontally
stacked graphene sheets and the absence of a metal current
collector. Therefore, there is still considerable room for future
improvement of the device performance for stretchable and
transparent supercapacitors through optimization of the elec-
trode/device structure, for example by incorporating conductive
polymers and/or metal oxides into the carbon electrode
nanomaterials.

7 Integration of flexible
supercapacitors with other energy
devices

Traditionally, external conductive wires are required to store the
electric energy from an energy conversion device (e.g:, solar cell)
into an energy storage device (e.g., supercapacitor or battery). To
reduce/eliminate the unnecessary energy loss inevitably asso-
ciated with external conductive wires, self-powering systems
integrated with energy conversion and storage devices to realize
simultaneous energy conversion and storage in a single device
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Fig. 15 (a) Typical SEM image of the as-synthesized wrinkled graphene sheet on a PDMS substrate from the top view. (b and c) Digital
photographs of the supercapacitors before (b) and after (c) being stretched up to 40% strain. (d) Dependency of resistance of the PVA-coated
planar and wrinkled graphene sheets with different CVD deposition times on the tensile strain. (e) Transmittance of supercapacitors (SC) based on
the planar graphene (PG) and wrinkled graphene (WG) sheets with different CVD deposition times. The inset of (e) shows a digital photograph of a
supercapacitor device on a piece of paper printed with Case logo to demonstrate its transparency. (f) Normalized surface-specific capacitance of
the supercapacitors based on either the planar or wrinkled graphene sheet as a function of tensile strains. (g) Normalized surface-specific
capacitance of supercapacitors based on either the planar or wrinkled graphene sheet as a function of stretching cycles.>® Reproduced from ref.
55 with permission. Copyright 2014. American Chemical Society.
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have been recently developed.®™* Due to their excellent
optical and mechanical properties, carbon nanomaterials (e.g.,
CNTs, graphene) have also been used in the integrated systems,
either flexible or non-flexible, as efficient electrode materials for
both energy conversion and storage devices.*®'*® Using a
SWCNT network as the integration platform (Fig. 16a and b), for
instance, Wee et al,” have developed a printable all-solid
integrated device consisting of a polymer solar cell (PSC) and a
supercapacitor, in which the supercapacitor was charged up by
exposing the polymer solar cell under an illumination of 100
mW cm 2 (so-called photocharge), and the discharge of the
supercapacitor was performed by connecting a resistor as a load
after the light source was switched off (Fig. 16a and b). Fig. 16¢
and d show the voltage and current profiles of the integrated
system vs. time during the charging and discharging process,
from which a capacitance of 28 F g~' can be obtained. An
integrated device consisting of an all-solid-state dye-sensitized
solar cell and a supercapacitor based on CNT/polyaniline
composite electrodes has also been reported (Fig. 16€)."** From
Fig. 16f, it was estimated that the photocharge time was 33 s,
galvanostatic discharge time was 144 s, and the entire photo-
electric conversion and storage efficiency was 4.29% by multi-
plying the energy conversion efficiency of the solar cell and the
energy storage efficiency of the supercapacitor. Using ITO-
coated polyethylene naphthalate as the conductive substrate,
Yang et al.,"* have recently developed a flexible integrated
device (Fig. 16g), which had a relatively long photocharge time
of 183 s (Fig. 16h) with respect to the device prepared on ITO
glass (33 s) due to the relatively low photocurrent generated by
the flexible solar cell in the flexible integrated system.

*SC = Supercapacitor
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For applications in wearable electronics, it is essential to
develop integrated devices containing an energy conversion
unit and a supercapacitor in a single wire.>***%*5¢157 In this
regard, Bae et al.,"*® integrated, for the first time, a nano-
generator (for mechanical energy harvesting), a solar cell, and a
supercapacitor on a single wire, as schematically shown in
Fig. 17a. These authors used the radially grown ZnO nanowires
as the active unit for the nanogenerator, the core of the solar
cell, and the large-surface-area electrode for the supercapacitor.
Conductive and transparent graphene on copper mesh was
used as the cylindrical top electrode for each of the integrated
energy devices. A Schottky contact was formed at the interface
between the graphene and ZnO nanowires (Fig. 17b). Fig. 17c
shows the current density-voltage curve for the solar cell unit
and an energy conversion efficiency of 0.02% was obtained. The
relative low efficiency of the solar cell was attributed to the
graphene on copper mesh that was not fully transparent,
causing insufficient light absorption. Fig. 17d shows the CV
curve for the supercapacitor unit, which has a specific capaci-
tance of 0.4 mF cm™>. The poor performance of the single wire
integrated system may be attributable to the mismatch between
the two electrodes in use for different energy devices along the
wire.

Recently, Chen et al.,* reported a high-performance fiber-
shaped integrated energy wire, consisting of a dye-sensitized
solar cell and a supercapacitor (Fig. 17e-g). In this case, radially
grown titania nanotubes on a titanium wire were used as the
core electrode for both the solar cell and supercapacitor while
an aligned CNT fiber was wrapped around the titanium wire,
after coating with electrolytes, as the top electrode for the solar
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Fig. 16 (a and b) Schematic and equivalent circuit illustration for a PSC during the charging process (a) and galvanostatic discharge (b). (c and d)
The voltage and current profiles versus time for the charging (c) and discharging (d) process.*® Reprinted from ref. 48 with permission. Copyright
2011, The Royal Society of Chemistry. (e) Schematic illustration of the integrated device of photoelectric conversion and energy storage based on
aligned MWCNT films as electrodes. (f) The dynamic voltage of the device with CNT/PANI composite films as electrodes during photocharging
and galvanostatic discharging processes. The photocharge was performed under AML.5 illumination and discharge was carried out at a constant
current density of 1.4 mA cm™2. (g) Photograph of a flexible integrated device during bending. (h) The dynamic voltage during photocharge and
galvanostatic discharge processes. The constant discharge current density was 1.4 mA cm™2.55 Reprinted from ref. 155 with permission.
Copyright 2013, The Royal Society of Chemistry.
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Fig. 17 (a) Schematic of a fiber-based multi-energy device comprising of a nanogenerator (for mechanical energy harvesting), a solar cell (for
solar energy harvesting) and a supercapacitor (for electrochemical charge storage). ZnO nanowires (inset SEM image) were grown on a flexible
thin plastic wire coated with thin Au film. (b) Current—voltage plot showing the Schottky contact between the ZnO nanowires and graphene top
electrode. (c) J-V curves of the DSSC under one full-sun illumination. The illumination is normal to the plastic wire. (d) Typical cyclic voltammetry
of the supercapacitor using PVA/HzPO, as electrolyte at 100 mV s~ 1156 Reproduced from ref. 156 with permission. Copyright 2011, John Wiley
and Sons. (e) SEM image of the fiber-shaped integrated energy wire, consisting of photoelectric conversion (PC) and energy storage, at the PC
end. (f) Photograph of the entire integrated wire-shaped device. (g) SEM image of the ES at the ES end. (h) Photocharging—discharging curve of
the fiber-shaped integrated energy wire. The discharging current is 0.1 pA.>* Reproduced from ref. 54 with permission. Copyright 2012, John

Wiley and Sons.

cell (Fig. 17f and e) and supercapacitor (Fig. 17g). As seen in
Fig. 17h, the supercapacitor in this integrated device was
rapidly charged up to a voltage close to the open-circuit voltage
of the DSSC upon light irradiation. An entire energy conversion
and storage efficiency of up to 1.5% was obtained. An integrated
power fiber containing a polymer solar cell and a supercapacitor
based on carbon nanotubes has also been developed, which
represented a truly flexible and wearable fiber-shaped self-
powering system of practical significance for portable and
wearable electronic applications.'*® Clearly, promising potential
for future research exists in this area.

8 Conclusions

Electrochemical supercapacitors represent one of the major
emerging energy storage devices due to their long cycling
stability and high power densities. Compared with their
conventional counterparts, flexible, stretchable and wearable
supercapacitors are needed for various emerging applications,
ranging from flexible electronics to wearable displays. The
synthesis of electrode materials with desirable electrical/
mechanical properties and microfabrication of them into
devices with required features are key prerequisites for many of
the speciality applications. Nanotechnology has opened up new
frontiers in materials science and engineering by creating new
nanomaterials and technologies for the development of flexible
supercapacitors. In particular, carbon nanomaterials, including
CNTs and graphene, have been extensively investigated as
electrode materials for flexible supercapacitors due to their
large surface area, excellent mechanical, optical, electrical and
electrochemical properties. As a result, a large variety of flexible,

This journal is © The Royal Society of Chemistry 2014

stretchable, wearable and even transparent supercapacitors
based on nanocarbon electrodes of different shapes (e.g,
planar, fiber-like) with controllable architectures (e.g., aligned,
pillared, foam-like) have been developed. The integration of
flexible supercapacitors with other energy devices (e.g., solar
cells, nanogenerators) into planar and wire-shaped self-pow-
ered systems has also been demonstrated. In many cases,
however, the material properties and/or device characteristics
need to be optimized for further enhancement of the device
performance. Recent developments in the field as reviewed in
this article have clearly indicated the versatility of carbon
nanomaterials for making flexible supercapacitors with novel
features for a wide range of specific applications. As far as the
published work is concerned, tremendous progress has been
made within recent years. There remains, however, much work
to do. Continued effort in this promising area could make
flexible supercapacitors one of the most powerful and efficient
energy storage technologies, which will affect every aspect of our
modern society.
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